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ABSTRACT
We investigate the high-speed (v > 1000 km s−1) extreme-ultraviolet (EUV)
wave associated with an X1.2 flare and coronal mass ejection (CME) from NOAA
active region 11283 on 2011 September 6 (SOL2011-09-06T22:12). This EUV
wave features peculiar on-disk signatures, in particular we observe an intermit-
tent “disappearance” of the front for 120 s in SDO/AIA 171, 193, 211 A˚ data,
whereas the 335 A˚ filter, sensitive to hotter plasmas (T∼ 2.5 MK), shows a
continuous evolution of the wave front. The eruption was also accompanied by
localized coronal dimming regions. We exploit the multi-point quadrature po-
sition of SDO and STEREO-A, to make a thorough analysis of the EUV wave
evolution, with respect to its kinematics and amplitude evolution and reconstruct
the SDO line-of-sight (LOS) direction of the identified coronal dimming regions
in STEREO-A. We show that the observed intensities of the dimming regions
in SDO/AIA depend on the structures that are lying along their LOS and are
the combination of their individual intensities, e.g. the expanding CME body,
the enhanced EUV wave and CME front. In this context, we conclude that the
intermittent disappearance of the EUV wave in the AIA 171, 193, 211 A˚ filters,
which are channels sensitive to plasma with temperatures below ∼ 2 MK is also
caused by such LOS integration effects. These observations clearly demonstrate
that single-view image data provide us with limited insight to correctly interpret
coronal features.
Subject headings: Sun: corona —Sun: coronal mass ejections — Sun: activity
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1. Introduction
Coronal mass ejections (CMEs) are large-scale coronal magnetic field structures
expelled into the heliosphere. They are the main causes of space weather disturbances since
they may drive interplanetary shocks and produce geomagnetic storms. Accompanied with
CMEs we observe activities low in the solar atmosphere including filament eruptions, flares,
large-scale coronal EUV waves, and coronal dimmings.
EUV waves are large-scale disturbances propagating through the solar atmosphere,
observed as moving fronts of increased coronal EUV emission. They propagate at typical
speeds of 200–400 km s−1 (Klassen et al. 2000; Thompson & Myers 2009; Muhr et al. 2014)
but on rare occasions, EUV wave events with speeds in excess of 1000 km s−1 have been
reported (Nitta et al. 2013). Several models have been proposed to explain the nature of
EUV waves, falling into three categories: wave, non-wave and hybrid models. Most wave
models interpret the propagating signatures as fast-mode magnetosonic waves (Thompson
et al. 1999; Wang 2000; Wu et al. 2001; Warmuth et al. 2001; Ofman & Thompson
2002), while in the non-wave models they are explained as disturbances due to sucessive
restructuring of magnetic field lines during the erupting CME (Delanne´e & Aulanier 1999;
Chen et al. 2002; Attrill et al. 2007). Hybrid models include both interpretations resulting
in a bimodal picture, where a fast-mode wave travels ahead of a slower inner component
due to magnetic field reconfiguration caused by the erupting CME (Zhukov & Auche`re
2004). A detailed discussion on the various theories and the evidence for and against them
may be found in recent reviews (e.g. Warmuth 2010; Gallagher & Long 2011; Zhukov 2011;
Patsourakos & Vourlidas 2012; Liu & Ofman 2014; Warmuth 2015).
The relationship between CMEs and EUV waves was investigated by several statistical
studies (Biesecker et al. 2002; Cliver et al. 2005; Nitta et al. 2013, 2014; Muhr et al. 2014).
It was found that fast and wide CMEs are in general accompanied by well-observed EUV
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waves that are associated with shocks, i.e. related to type II radio bursts (Cliver et al.
2005). The unprecedented multi vantage-point observations from the Solar TErrestrial
RElations Observatory (STEREO, Kaiser et al. 2008) and the high-cadence imagery by the
Atmospheric Imaging Assembly (AIA, Lemen et al. 2012) on-board the Solar Dynamics
Observatory (SDO, Pesnell et al. 2012) improved our understanding of how the EUV
wave formation and kinematics are related to the CME dynamics. Initially the EUV
wave front is found to be closely attached to the laterally expanding CME flanks. After
an impulsive driving phase, the CME flanks decelerate, and the EUV wave subsequently
becomes freely propagating with a velocity close to the fast magnetosonic speed in the
quiet corona (Warmuth et al. 2004; Long et al. 2008; Veronig et al. 2008; Patsourakos et al.
2009; Patsourakos & Vourlidas 2009; Kienreich et al. 2009; Veronig et al. 2010; Olmedo
et al. 2012; Cheng et al. 2012). Quadrature observations of the two STEREO spacecraft
unambiguously revealed that the EUV wave is propagating ahead of and is driven by the
laterally expanding CME flanks (Patsourakos & Vourlidas 2009; Kienreich et al. 2009; Ma
et al. 2011). These findings were also confirmed by MHD simulations of CME eruptions and
associated EUV waves (Pomoell et al. 2008; Cohen et al. 2009; Downs et al. 2011, 2012).
Coronal dimmings are regions of reduced emission in the low corona observed in
EUV (Thompson et al. 1998, 2000) and soft X-rays (SXR; Hudson et al. 1996; Sterling
& Hudson 1997). The appearance of these dimming regions is in general interpreted
as density depletion caused by the evacuation of plasma during the CME expansion
(Hudson et al. 1996; Thompson et al. 1998; Harrison & Lyons 2000). This interpretation is
supported by the simulatenous and co-spatial observations of coronal dimmings in different
wavelengths (e.g. Zarro et al. 1999), spectroscopic observations showing plasma outflows in
dimming regions (Harra & Sterling 2001; Attrill et al. 2010; Tian et al. 2012) and studies
on dimming/CME mass relations (Sterling & Hudson 1997; Wang et al. 2002; Harrison
et al. 2003; Zhukov & Auche`re 2004; Mandrini et al. 2007; Aschwanden 2009; Miklenic
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et al. 2011). In the literature, two different types of dimmings are defined, core (or twin)
dimmings and secondary (or remote) dimmings, respectively. Core dimmings are stationary,
localized regions that are often present on both sides of an erupting configuration, in
opposite magnetic polarity regions. In relatively simple cases they are interpreted to mark
the footpoints of the ejected fluxrope (Sterling & Hudson 1997; Thompson et al. 2000;
Webb et al. 2000; Mandrini et al. 2005, 2007; Temmer et al. 2011). The more shallow
secondary dimmings are diffuse and can extend to significant distances from the source
region. They are often observed to follow behind a propagating EUV wavefront (Delanne´e
& Aulanier 1999; Wills-Davey & Thompson 1999; Thompson et al. 2000; Attrill et al. 2007;
Mandrini et al. 2007; Muhr et al. 2011). Therefore, they could be rarefaction regions that
develop behind a compressive wave (e.g. Wu et al. 2001; Muhr et al. 2011; Downs et al.
2012) or formed due to the plasma evacuation behind the flux rope and overlying fields that
are erupting.
In this paper, we analyze the flare-CME event and associated large-scale EUV wave
that occurred on 2011 September 6. Several aspects of this event have been studied before.
For instance, Nitta et al. (2013) investigated the EUV wave kinematics using high-cadence
observations from SDO/AIA, and determined this event to be a high-speed EUV wave
with a velocity of v ≈ 1250 km s−1. Only 6 out of 171 events reported by Nitta et al.
(2013) were identified in this high-speed regime (v >1200 km s−1). The globally propagating
EUV wave caused oscillations of filaments and the launch of a jet (Shen et al. 2014).
These results indicate that EUV waves may serve as agents for linking successive solar
activities. Jiang et al. (2013) focused on the triggering mechanism of the erupting event
using MHD simulations initialized by a non-linear force-free field (NLFFF) extrapolation.
Janvier et al. (2016) studied the morphology and time evolution of photosperic traces of
the current density and flare ribbons and compared it with the topological features found
by NLFFF modeling. Both, Jiang et al. (2013) and Janvier et al. (2016) identified a
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spine-fan configuration of the overlying field lines, due to the presence of a parasitic positive
polarity, embedding an elongated flux rope. The energy accumulation of the flare and the
accompanied CME was studied by Feng et al. (2013). They found that the calculated
free magnetic energy is able to power the flare and the CME, and that both phenomena
may consume a similar amount of free energy. Romano et al. (2015) studied the evolution
of the source active region (NOAA 11283) in relation to its recurrent flaring and CME
activity. They found that before the occurence of the X2.1 flare-CME event under study
here, the shearing motions seem to inject a larger fraction of energy into the corona than
the emergence of the magnetic field.
In this paper, we investigate this extraordinary EUV wave and associated flare-CME
event in detail and fully exploit the quadrature view from SDO and STEREO.
2. Observations and data analysis
2.1. Event overview
On 2011 September 6, a globally propagating high-speed EUV wave occurred in
association with an X2.1 flare-CME event in NOAA active region 11283, at heliographic
position N14◦W18◦ (cf. Fig. 1). The GOES and RHESSI X-ray lightcurves show the
short impulsive phase of the flare starting at 22:16 UT. The GOES emission peaked at
∼22:21 UT (cf. top panel of Fig. 3). RHESSI shows two intense hard X-ray (HXR) bursts
up to 300 keV between 22:18 and 22:20 UT.
The EUV wave is most pronounced toward the North and associated with a type II
burst, indicating its shock nature. However, no signature of an associated Moreton wave
(Moreton 1960) was observed in Hα data of the Global Oscillation Network Group (GONG)
network. The associated CME was observed with the coronagraphs of SOHO/LASCO as
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well as STEREO-A(head) (ST-A). From Earth-view it was first detected as a slow halo
CME, in the SOHO/LASCO-C2 coronagraph at around 23:06 UT, with an average speed of
v= 580 km s−1 (CDAW catalogue). The speed as derived from ST-A, observing the CME
almost in its plane of sky, is much higher v= 990 km s−1 indicative of strong projection
effects (cf. Sect. 3.2). The eruption was also accompanied by the appearance of coronal
dimming regions (cf. Fig. 1 and movie no. 1).
2.2. Data
This event was observed in quadrature by the AIA instrument aboard SDO and the
Sun Earth Connection Coronal and Heliospheric Investigation (SECCHI; Howard et al.
2008) aboard ST-A, separated by 103◦. With the eruption site being located at a longitude
of W18◦, ST-A views the event over the West limb. Therefore, it is reasonable to assume
that there are only small projection effects for measurements above the limb in ST-A
imagery. The eruption site is located behind the limb for STEREO-B(ehind) (ST-B), hence
data from this vantage point are not included in our analysis. To study the EUV wave, we
use high-cadence (12 s) observations from four SDO/AIA EUV channels. 171 A˚, 193 A˚ and
211 A˚ are most sensitive to temperatures around ≈ 0.6− 2× 106 K, representing the quiet
solar corona as well as plasma of active regions, while the SDO/AIA 335 A˚ bandpass (peak
formation temperature ≈ 2.5 × 106 K) is sensitive to hotter plasma in the corona (Lemen
et al. 2012).
We only use AIA images where the exposure times were constant and not triggered
by the automatic exposure control algorithm of the instrument, resulting in a cadence of
24 s. In order to enhance the faint structures of EUV waves and coronal dimmings and to
study the relative as well as absolute changes in the emission, we construct base-ratio and
base-difference images. To this aim, each image is divided or subtracted by a pre-event
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Fig. 1.— Sequence of SDO/AIA base-difference images showing the evolution of the EUV
wave followed by extended coronal dimming regions (top panels: 211 A˚; bottom panels:
335 A˚; see also the accompanied animation no. 1). White arrows mark peculiar features
such as the “disappearance” of a segment of the wave front in the 211 A˚ channel, as well
as the localized dimming regions. Red lines indicate the sector of interest along which
perturbation profiles are calculated.
– 9 –
image (recorded at 22:05 UT). We also use frames of running-difference images, where
we subtracted from each image a frame that was taken 5 minutes before. To compare
the kinematics of the EUV wave obtained from different vantage points and to study the
early evolution of coronal dimmings, we combine ST-A/EUVI 195 A˚ observations (cadence
of 5 min) with SDO/AIA 193 A˚ data. We derive the kinematical evolution of the CME
combining imagery from the SECCHI instrument suite, EUVI, COR1, and COR2 from
ST-A. All data were prepared using standard Solarsoft IDL software (aia prep.pro and
secchi prep.pro) and each data set was differentially rotated to a reference time of
22:05 UT using drot map.pro.
2.3. Perturbation Profiles
We study the EUV wave pulse quantitatively using the perturbation profile method
(e.g. Warmuth et al. 2004; Podladchikova & Berghmans 2005; Veronig et al. 2010; Muhr
et al. 2011; Long et al. 2011). The method allows a detailed study of the temporal evolution
of the propagating wave front and its changes in amplitude by generating perturbation
profiles along a specific sector. We derive the perturbation profiles from base-ratio images
by calculating the median of the relative intensity changes of all pixels that are within
the selected sector of propagation and successive annuli of 1◦ width around the origin of
the wave. The median absolute deviations are used as 1σ measure errors. To identify the
characteristics of the EUV wave a Gaussian curve is fitted to the positive section of each
profile. MPFIT (Markwardt 2009) is used to calculate the parameters of the Gaussian
function with error bars. The Gaussian function that is fitted to the data is of the form
I(x) = p0 + p3 exp
(
−(x− p1)
2
2p22
)
, (1)
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where, p0 . . . p3 are the best-fit values returned. We use the perturbation profiles to study
the kinematics of the EUV wave pulse as well as the time evolution of its amplitude.
2.4. Projection and LOS integration
Since the solar corona is an optically thin medium, the measured EUV intensity (e.g.
from instruments aboard SDO or STEREO) results from integration of all the emission
along the LOS. The simultaneous observations of two spacecraft (SC1, SC2) allow us
to interpret the intensity of each image pixel of SC1 as the sum over the intensities of
all image pixels of SC2 that lie along the projected LOS. We note that this is only a
qualitative approach to identify which structures lie along the LOS of selected locations,
since also the image data of SC2 itself results from projection and LOS integration. For our
purpose, we select regions of interest in SDO image data and overplot the projection of the
three-dimensional LOS onto the solar surface as observed by ST-A using the IDL routine
scc measure.pro (Thompson 2009). To transform positions of SDO measurements to
ST-A, we adopt the World Coordinate System (WCS) routines in SSWIDL (Thompson &
Wei 2010). We use this approach to investigate which structures, observed by ST-A on the
solar limb, lie along the LOS of on-disk locations of interest of SDO, such as the position of
the EUV wave front and the coronal dimmings regions.
3. Results
Figure 1 shows the evolution of the EUV wave in SDO/AIA 211 A˚ and 335 A˚ base-
difference images (see also the accompanying animation no. 1). The EUV wave occurs
as a sharp front, with a first appearance at 22:19 UT and can be followed up to about
22:27 UT. As can be seen in the 211 A˚ images, the segment of the wave front propagating
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Fig. 2.— Perturbation profiles derived from SDO/AIA 211 A˚ (top panels) and 335 A˚ (bottom
panels) base-ratio images along the 15◦ wide sector indicated in Fig. 1. The blue curve
outlines the Gaussian fit to the data. The maximum of the Gaussian fit (relative amplitude)
is marked by the orange triangle (wave peak), while the vertical line corresponds to the
leading edge of the front determined from the fit. The “disappearance” of the wave front
can be seen in the 211 A˚ channel (second panel), while the wave pulse evolves continuously
in the 335 A˚ channel. An animation of this figure is available.
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GOES 1.0-8.0 A˚ SXR flux (black solid line) during the X2.1 flare on 6 September 2011.
Middle and bottom: kinematics of the EUV wave front obtained from perturbation profiles
calculated from SDO/AIA 211 A˚ and 335 A˚ data. Since no proper identification of the wave
front was possible during the times of disappearance for the 211 A˚ channel, measurements
during these times were excluded.
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towards the North “disappears” at 22:20:48 UT, and then reappears at 22:22:48 UT. The
same behaviour is observed in the 193 A˚ and 171 A˚ channels (not shown). In contrast, the
entire wave front remains clearly visible in the 335 A˚ channel. Coronal dimming regions
are observed behind the EUV wave front. The shape and extension of the dimming regions
appears differently in various SDO/AIA channels (e.g. 211 A˚ vs. 335 A˚; Fig. 1).
3.1. EUV wave
To derive the kinematical evolution of the EUV wave we calculate perturbation profiles
for the direction in which we observe the disappearance of the wave front over a sector of
15◦ angular width (indicated with red lines in Fig. 1). Figure 2 shows snapshots of the time
evolution of these profiles for the 211 A˚ and 335 A˚ channels (see also animation no. 2). To
determine the velocity of the EUV wave, we define the leading front of the wave xlead to be
a function of the parameters of the Gaussian fit, namely
xlead = p1 + 2p2 . (2)
Accordingly, the 1σ errors in xlead are
∆xlead = ± (∆p1 + 2∆p2) . (3)
The resulting wave kinematics for SDO/AIA 211 A˚ and 335 A˚ are plotted in the middle
and bottom panels of Fig. 3, respectively. The position of the leading edge of the wave
front determined by this procedure (indicated by the vertical lines in Fig. 2) for each
perturbation profile is plotted together with the 1σ error against time. The velocities
obtained from the linear fit to the time-distance data are v211 = 1070 ± 70 km s−1 for
211 A˚ and v335 = 1075 ± 80 km s−1 for 335 A˚.
The observations from quadrature view enable us to study the wave signature
simultaneously off-limb and on-disk. Fig. 4 shows a sequence of running-difference images
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Fig. 4.— Running-difference images showing the time evolution of the EUV wave and the
expanding CME in ST-A/EUVI 195 A˚. Red crosses indicate the position of the wave front
as measured on the solar limb. Blue crosses represent the distance of the wave front along a
circle with radius 1100′′ (i.e., a height of 130′′ above the solar limb). The green and orange
dots in the upper left panel mark the transformed position of the peak and the leading
front of the EUV wave identified in the profiles from AIA 193 A˚ data at 22:25:31 UT.
The overplotted lines represent the projected LOS for those measurements. The equivalent
colored circles above the solar limb indicate at which heights the overplotted LOS match
with the outermost visible front in ST-A.
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illustrating the evolution of the eruption in ST-A 195 A˚. The EUV wave front was tracked
manually along the solar limb, indicated by the red crosses. Since the typical heights
of an EUV waves have been established to be between 80-100 Mm (Patsourakos et al.
2009; Kienreich et al. 2009), we also include measurements at a height of 90 Mm (∼ 130′′
above the solar limb, i.e. circle with radius 1100′′, marked as blue crosses). For SDO, we
obtain the time evolution of the peak and the leading front of the EUV wave pulse from
perturbation profiles for the 193 A˚ channel. Fig. 4 also shows that initially the CME front
cannot be distinguished from the EUV wave. Around 22:30 UT the lateral expansion of the
CME stops and we identify the EUV wave propagating ahead of the CME.
Figure 5 shows the distance-time curves obtained from ST-A 195 A˚ (off-limb) and SDO
193 A˚ (on-disk). Different speeds are derived using mesurements obtained from different
vantage points. From SDO, we derive a speed of vlead = 1080 ± 80 km s−1 for the leading
front and vpeak = 900 ± 30 km s−1 for the peak of the wave pulse. From ST-A view the
resulting speeds are significantly lower, amounting to v = 520 ± 40 km s−1 for the leading
front of the wave propagating along the solar limb, and v = 550 ± 40 km s−1 at a height of
90 Mm. These discrepancies are investigated in more detail. In Fig. 4 we show the position
of the EUV wave’s peak and leading front as observed from SDO transformed to ST-A view
(marked as green and orange dots, respectively). We clearly see, that both on-disk features
do neither correspond to a wave signature on the solar limb, nor to a wave signature at a
height of ∼ 90 Mm in ST-A. To estimate the actual heights, where the emission for those
signatures come from, we plot also the projected LOS of the transformed SDO/AIA wave
positions in ST-A (indicated by the green and orange line) in order to identify where the
LOS matches with the outermost visible front in ST-A (indicated by the green and the
orange circle). We obtain for the leading edge of the front a height of ∼ 260 Mm and for
the peak of the wave pulse a height of ∼ 130 Mm above the solar limb.
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Another interesting aspect of the EUV wave is the intermittent disappearance of parts
of the front. Fig. 6 shows the amplitude of the Gaussian fit to each perturbation profile
(cf. orange triangles in Fig. 2) plotted against time. The amplitude’s time evolution as well
as the perturbation profiles themselves (cf. Fig. 2 and movie no. 2) clearly reveal that the
EUV wave pulse “disappears”, i.e. the relative intensity decreases to the background level
of 1.0, in the 211 A˚ filter at 22:20:48 UT, and reappears again at 22:22:48 UT. The same
behaviour is observed for the 171 A˚ and the 193 A˚ channels. In contrast, the 335 A˚ profiles
show a continuously propagating wave pulse, but the pulse amplitude reveals a decrease
during the time of disappearance in the 211 A˚ filter (marked as black dashed vertical lines
in Fig. 6). After its “reappearance”, the amplitude of the wave pulse increases in all four
filters.
3.2. CME and type-II radio burst
Figure 7 shows the CME kinematics obtained from ST-A/EUVI, COR1 and COR2
data by tracking the CME frontal part manually along its main propagation direction.
Since from the ST-A view, the event occurred on the solar limb, these measurements of
the CME propagation are basically uneffected by projection effects. We derive an average
speed of v = 990± 50 km s−1, which is much higher than the value provided in the CDAW
catalogue derived from SOHO/LASCO observations (v = 580 km s−1), where the CME is
observed as halo, i.e. propagating towards the observer.
The event was also associated with a type II radio burst, observed by different
ground-based instruments (Hiraiso Radiospectrograph, Culgoora Spectrograph, Green
Bank Solar Radio Burst Spectrometer and Sagamore-Hill). The patchy and intermittent
continuation of the coronal type II emission to the interplanetary space was observed by
the Waves instrument on-board the WIND spacecraft (WIND/ Waves; Bougeret et al.
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1995) and the two Waves instruments on-board STEREO (STEREO/WAVES; Kaiser 2005;
Kaiser et al. 2008; Bougeret et al. 2008). The type II radio burst, signature of a coronal
shock wave, started concurrently with the EUV wave, at about 22:19 UT. The high starting
frequency of the complex and structured type II burst (340 MHz for the fundamental
emission band) indicates that the shock was formed low in the solar corona.
From the frequency drift rate and the generally used five-fold Saito coronal electron
density model (Saito et al. 1970) we obtain a shock wave speed of v = 1020± 30 km s−1
and a starting height of h = 1.08± 0.02 R, i.e.∼ 60 Mm above the solar surface (marked
as black dot in Fig. 7). The study of Cho et al. (2013) showed comparable results for
the starting height of the high frequency type II radio burst. We note that the speed of
the coronal shock is comparable to the speed of the EUV wave signatures as measured
from SDO and the CME speed obtained from ST-A observations (1070 and 990 km s−1,
respectively).
3.3. Coronal dimmings
To identify the coronal dimming regions, we apply a thresholding technique that
uses for each pixel an upper limit on the absolute and relative decrease of the intensity
with respect to the pre-event image. A pixel is flagged as dimming pixel if its intensity
decreased by at least 20% compared to its pre-event value and decreased by a certain
absolute value A (in DN) from its pre-event value. Within this set of identified dimming
pixels, we determine the 5% “darkest” pixels, i.e. the 5% pixels that reveal the largest
absolute change of their intensity. Figure 8 illustrates the application of this method and
shows a direct image in SDO/AIA 211 A˚, the corresponding base-difference image and the
SDO/HMI LOS magnetogram at a time where the dimming region is still evolving. The
red contours indicate the overall identified dimming regions. The black (left panel), blue
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and yellow contours (right panel) mark the 5% darkest pixels. We interpret these regions
as “potential” core dimming regions, since it is assumed that dense plasma, previously
confined by the flux rope, is evacuated there and the selected pixels show the maximum
decrease in intensity of all identified dimming regions.
As a next step, we exploit the quadrature configuration of SDO and ST-A to study
the three-dimensional extension and position of the identified coronal dimming regions.
To this aim, we select regions-of-interest (ROIs) in SDO/AIA observations and perform a
coordinate transformation of these ROIs to ST-A/EUVI.
Figure 9 shows SDO/AIA 193 A˚ base-difference images at two different timesteps.
We study areas within a potential core dimming region (green circle), within the overall
dimming region (red circle) and a ROI that includes both enhanced and reduced intensity
(cyan oval). To check for the correctness of the coordinate transformation, we mark as
reference point an active region (blue circle). To investigate the origin of the contributions
for the different dimming regions, we overplot the projected LOS for selected points inside
each ROI in SDO/AIA (marked as crosses in Fig. 9) onto the corresponding image of
ST-A/EUVI. This is indicated by lines in the corresponding colors. The sum of all pixel
intensities along each LOS is expected to correspond to the observed intensity in the
marked locations in SDO/AIA. Indeed, this is qualitatively obtained from the right panels
of Fig. 9, where we plot the cumulative sum of all pixel intensities along the LOS for each
selected location. For instance, the position marked with the purple cross corresponds to a
region of enhanced intensity in SDO/AIA; the ST-A view shows that the LOS crosses the
CME flanks and EUV wave front. The corresponding curve for the cumulative sum over
the LOS pixels shows qualitatively the same result, i.e. an enhanced intensity compared to
the background. The location marked with the green cross corresponds to a core dimming
region and therefore to a location of much reduced intensity. As can be seen from its
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cumulative curve, only reduced intensity pixels (dimming pixels) lie along its LOS. The
reconstruction of the LOS for the red cross reveals that the dimming contributions result
from regions higher up in the corona (c.f. upper panels in Fig. 9). The resulting emission
is much higher than the reconstructed intensity of the core dimming region (green cross),
indicating that in this dimming region lesser dense plasma is evacuated. The cyan cross
marks an even more shallow dimming region, which shows a smaller number of dimming
pixels lying along the LOS as well as a contribution of pixels with enhanced intensities with
respect to the pre-event state. The orange cross is used as a reference and as expected the
reconstructed intensity equals to zero. The right panels of Fig. 9 clearly show that the
highest decrease in the emission reconstructed from ST-A comes from the core dimming
region, while the other ROIs (c.f. red and cyan locations and the corresponding curves for
the cumulative sum) show regions of secondary dimmings. We note that this procedure
is only approximately correct, as we can only make LOS cuts along the LOS-projected
image of the approximate quadrature configuration, which by itself is also a result of
LOS-integration of the emission observed.
4. Discussion and Conclusion
The EUV wave/CME/coronal dimming event on September 6, 2011 shows several
peculiar features. Only by complementing the results of SDO observations with ST-A,
we were able to disentangle real signatures from signatures arising from LOS integration
and projection effects. Furthermore, we were able to find new aspects for the formation of
associated coronal dimming regions.
1) For the first time we identified the “disappearance” of a segment of the EUV
wave front followed by its reappearance and further propagation in the absence of any
obvious magnetic structures. In the following we discuss three possible scenarios for this
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phenomenon:
i) Heating at the wave front: Vanninathan et al. (2015) studied the strong EUV wave
associated with the X2.2 flare of 2011 February 15 and showed that the passing EUV front
adiabatically compresses the ambient coronal plasma, resulting in an increase in density of
about 6-9% and an associated temperature increase of 5-6%. Using the method described in
Downs et al. (2011), we estimated for the event under study the intensity ratio for each AIA
channel as a function of temperature, by assuming that the passing EUV wave causes ∼8%
increase in density compared to the pre-event corona (consistent with the values derived by
Veronig et al. 2011; Schrijver et al. 2011 and Vanninathan et al. 2015). This leads to a ∼5%
increase in temperature. From the estimated intensity ratios we obtain that for a ∼5%
increase in temperature, the intensity in the 171 A˚ and 193 A˚ channels is reducing while
that of 211 A˚ and 335 A˚ channels continue to increase. We repeated this test for different
densities ranging from 6-12% increase and obtained the same qualitative results in all cases.
This is contradictory to the observed evolution of the amplitude of the wave pulse revealing
a decrease in intensity for all four wavelength channels during its “disappearance” phase
(cf. Fig. 6). This result is inconsistent with the disappearance being caused by heating at
the wave front.
ii) Wave propagation through an inhomogenous medium: EUV waves are known to
be affected by inhomogeneities in the corona (in terms of Alfve´n velocity), such as active
regions, coronal holes or filaments. Encountering a region of high Alfve´n speed would alter
the amplitude of the wave pulse. To test this hypothesis, we checked for magnetic obstacles
in SDO/HMI LOS magnetograms along the propagation path, which would correspond to
regions of enhanced Alfve´n speed. Fig. 10 shows LOS magnetic field and Hα data together
with the distance range, where the wave front “disappears” (marked by the red and green
fronts). No magnetic flux enhancements or filaments could be identified along the sector of
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interest. However, a filament is present along the propagation direction of the EUV wave
but not at the locations where we observe the wave front disappearance. We note that the
wave front passage causes the filament to oscillate, but it does not erupt (Shen et al. 2014).
These observations suggest that the propagation through an inhomogenous medium is not
responsible for the disappearance of the wave front.
iii) LOS effects: The simultaneous decrease in amplitude for all channels indicates that
the decrease in emission results primarily from changes in the density and not changes
in temperature. The 171 A˚, 193 A˚, and 211 A˚ filters reveal the highest decrease. These
channels are most sensitive to temperatures around 1-2 MK, which corresponds to quiet
Sun coronal temperatures. During the CME lift-off such plasma is evacuated, resulting in
regions of reduced intensity (coronal dimmings). The observed intensity in SDO/AIA results
from the sum of emission along the LOS. Assuming that along a specific LOS, contributions
from coronal dimming regions (negative contributions) as well as the EUV wave (positive
contributions) are present, the total intensity can be reduced to the background intensity,
when summed up. The 335 A˚ channel measures plasma at higher temperatures around
2.5 × 106 K and is thus less sensitive to the expansion and evacuation of quiet coronal
plasma by the erupting CME (cf. Fig. 1).
2) Observations from SDO/AIA revealed signatures of different types of coronal
dimmings. Using a thresholding technique we were able to distinguish potential core
dimming regions from secondary/remote dimming regions. The identified core dimming
regions show evacuation of dense plasma, observed as maximum decrease in intensity in
the overall identified dimming region from SDO/AIA and as the largest decrease in
emission from the ST-A LOS reconstructions. They are located in regions of opposite
magnetic polarities and lie close to the eruption site (cf. Fig. 8). Therefore, we conclude that
these regions point to real footpoints of the erupting fluxrope. For the secondary/remote
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dimmings (red ROI and lower part of the cyan ellipse in Fig. 9) the reconstruction of the
emission from ST-A revealed that whether the observed intensity in SDO/AIA results in a
dimming or not, depends strongly on the structures lying along the corresponding LOS.
We conclude that projection effects play an important role in the appearance and correct
interpretation of coronal dimming regions.
3) The kinematical evolution of the wave is derived to be different when measured
from different vantage points. This can be explained by projection effects as shown in
Fig. 4. Obviously, the on-disk wave signatures cover contributions from the outermost
bright front of the CME eruption, when the EUV wave is not yet detached from the CME
which is driving the wave. Ma et al. (2009) and Hoilijoki et al. (2013) found that there
exist viewing angles, where the orientation of the LOS is tangential to the erupting dome,
producing visible features that can be interpreted as parts of an EUV wave. In a recent
study by Delanne´e et al. (2014), using different techniques for deriving the altitude of an
EUV wave, the resulting heights span a distance range of 34–154 Mm above the solar limb,
which is consistent with our result of ∼ 130 Mm for the peak of the wave pulse identified
from SDO/AIA.
Another important aspect is that the on-disk observations of EUV waves may contain
significant intensity contributions of the emission from the expanding CME body integrated
along the LOS over several scale heights. The speeds of the EUV wave (as derived from
SDO/AIA) and the CME (derived from ST-A with low projection effects) are similar,
implying that in both instances we measure the same propagating structure. In addition,
the observed “bending” of the wave towards the solar East (see movie no 1. time range
∼ 22:24 UT until 22:30 UT), is another feature suggestive of projection effects, as no
magnetic obstacles are present at that location, that would cause a reflection or change of
propagation direction. Assuming that the “bending” results from LOS integration along
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the outermost front of the CME, we derive that these contributions might come from large
heights in the corona. For the time when the wave “bending” is clearly observed, the apex
of the CME, as derived from ST-A, is at a distance of about 2− 2.5 R.
The event studied in this paper is a good example of how the use of single-view image
data may limit our ability to correctly interpret coronal features, such as EUV waves and
coronal dimmings.
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Fig. 8.— Left to right: SDO/AIA 211 A˚ direct image, corresponding base-difference image
and SDO/HMI LOS magnetogram. The red contours indicate the overall coronal dimming
regions identfied, while black contours mark regions of potential core dimmings. The core
dimming regions (blue and yellow in the right panel indicating opposite magnetic polarities)
are located in regions of opposite magnetic polarity and lie close to the eruption site. The
location marked with the green cross (left panel) is reconstructed in ST-A (cf. Fig. 9).
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Fig. 9.— Left panels: Base-difference images of the coronal dimming regions observed in the
SDO/AIA 193 A˚ filter for two different time steps. The green circle marks a small subfield in
a potential core dimming region (cf. Fig. 8), while the red one marks a region that appears
to be a core dimming but turns out to result from a dimmed region higher up in the corona.
The cyan oval marks a ROI that includes both enhanced and reduced intensity. The blue
circle and the orange cross are used as a reference. Middle panels: corresponding base-
difference images from ST-A/EUVI view, including the transformed on-disk signature of the
ROIs selected from SDO/AIA. Right panels: ST-A 195 A˚ intensity cumulated along the
colored lines in the middle panels (from left to right) indicating the SDO viewing direction.
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Fig. 10.— Top: HMI magnetogram. Bottom: GONG Hα filtergram showing the location of
filaments. Overlaid on both panels is the measured sector (marked in blue), and the wave
front determined at the different time steps that span the range of the wave “disappearance”
(red and green line).
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